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The planned upgrade of the CMS detector for the High Luminosity LHC allows to find tracks in
the silicon tracker for every single LHC collision and use them in the first level (hardware) trigger
decision. So far, studies by CMS collaboration concentrated on the maintaining the overall trigger
performance in the punishing pile up environment. We argue that the potential capabilities of the
track trigger are much wider, and may offer groundbreaking opportunities for new physics searches.
As an example, and to facilitate community discussion, we use a simple toy simulation to study rare
Higgs decays into new particles with lifetime of order of a few mm.
INTRODUCTION
The CMS detector will undergo extensive upgrades [1]
for HL LHC running. A central feature of the upgrade
is a new silicon tracker which allows track reconstruc-
tion for every LHC bunch crossing (@40 MHz). The first
challenge, and the main reason this has never been done
before, is to be able to read out the huge number of sili-
con hits within tight latency constraints. In CMS, thanks
to the strong magnetic field, it is possible to construct a
tracker that can reliably separate small fraction of the
hits left by high momentum tracks, and only read out
those for track finding at the first level of the trigger
(L1). It is achieved by making tracker modules out of
two closely spaced sensors and an integrated circuit that
correlates the hits in them, providing both coordinate
and transverse momentum measurement. The latter as-
sumes that the track originated at the beam line. The
hit pairs in a module are referred to as stubs.
The pT selection for stubs to be read out is determined
by the bandwidth from the detector to the back end elec-
tronics, and is fixed at about 2 GeV. Finalizing the choice
of track finding algorithm and hardware may take a few
more years. In the meantime, it is imperative to under-
stand what kind of physics opportunities such track trig-
ger could open up, beside maintaining the overall trigger
performance at HL LHC environment.
The goal of this note is to attract community’s atten-
tion to this topic, and provide an example of a main-
stream physics area that would benefit from extension
of the track trigger to off-pointing tracks. While proper
simulation and modeling of the trigger is complicated,
a simple toy simulation is sufficient to develop intuition
and identify areas of interest.
This note considers all-hadronic final states with low
HT , taking SM Higgs decays into four jets (see Fig. 1 a)
as an example. Theoretical motivation to look for such
decays is very strong, see [2] for a comprehensive review.
The goal is to probe very small branching fractions; in
this note we assume Br[h → φφ → 4q] = 10−5. For
prompt decays, the background is overwhelming, but if
the φ has cτ of a few mm, the offline analysis has very low
backgrounds [3]. The problem is in getting such events
on tape, in particular through L1. Below, we estimate
how an off-pointing track reconstruction at L1 can help.
To estimate the efficacy of the approach, we compare it
with the best alternatives in absence of off-pointing track
trigger: using associated Higgs production with a W that
provides a lepton trigger (Fig. 1 b) or considering L1
calorimeter jets with no associated prompt tracks. We
also speculate on the comparative sensitivity of LHCb
experiment to this decay.
a)
b)
FIG. 1. Two final states considered for getting h → φφ
events on tape: a) gluon fusion production using off-pointing
track trigger; b) associated production using single lepton
trigger.
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2FIG. 2. Sketch of the toy stub formation in a doublet layer.
Four tracks are passing through the same point in the inner
layer. Only the tracks hitting the outer layer between the
two green points would produce a L1 stub. The dashed track
does, and the dotted does not. The R and ∆R values for the
six doublet layers in the simulation are 23, 36, 51, 68, 88, and
108 cm and 0.26, 0.16, 0.16, 0.18, 0.18, and 0.18 cm.
TOY SIMULATION
The toy tracker has six perfectly cylindrical double lay-
ers [4] covering |η| < 2.4. For each layer, the allowed
offset between the two measurements is below the one
expected from 2 GeV prompt tracks. The sketch in Fig.
2 shows four tracks traversing a double layer: positively
and negatively charged prompt 2 GeV tracks, and two
off-pointing tracks. Dashed track would make a L1 trig-
ger stub, and the dotted one would not.
FIG. 3. Definition of the offsets x‖ and x⊥. Solid red
arrow is the momentum direction at the production point
(xvertex, yvertex).
Two extensions of track finder are considered. Loose
tracks are only required to have a minimal number of
FIG. 4. Efficiency to reconstruct loose (top) and tight (bot-
tom) tracks with 5 or more stubs as a function of the uni-
formly generated particle origin. Particle pT are distributed
as expected from low ET jets, and required to exceed 2 GeV.
See text for details.
stubs. Tight tracks are obtained by fitting the stubs
they produced to a circle constrained to the beam line.
The number of stubs on a tight track is the number of
stubs deviating from that circular fit by less then 3 strips
(300 microns). Tight tracks is a generous approximation
for an algorithm that assumes prompt production when
building a track and allows for non-zero impact param-
eter for track fit. For loose tracks, both track building
and fitting assumes non-zero impact parameter. We only
consider the transverse plane of the track finding since
that’s the plane in which the displacement is measured
more precisely. We assume that the hits on a track are
also linked in the rz, but do not rely on it for calcu-
lation of displacement. There is little doubt that such
extensions to the track trigger are technically feasible,
but they definitely would be more costly. The discussion
here is not on how big the cost increase might be, but on
3FIG. 5. Efficiency to reconstruct loose (top) and tight (bot-
tom) tracks with 4 or more stubs as a function of the uni-
formly generated particle origin. Particle pT are distributed
as expected from low ET jets, and required to exceed 2 GeV.
See text for details.
whether there is a compelling physics case to pursue it.
One can get an idea for what kind of the range of
track displacements produce detectable tracks by look-
ing at charged particles above 2 GeV in 40-80 GeV jets
(PYTHIA 8 [5] is used for generation of all processes
in this note). We uniformly offset the tracks from the
beam line to map out the efficiency as a function of a
displacement. The offset is specified along the original
track momentum (x‖) and perpendicular to it (x⊥), as
shown in Fig. 3. Figures 4 and 5 show the efficiency to
reconstruct loose and tight tracks with ≥ 5 and ≥ 4 stubs
respectively.
Evidently, tight tracks die out beyond x⊥ of a couple
of mm, while loose tracks can still be reconstructed at
several cm. In what follows we consider tracks with at
least four stubs, and require some of the tracks to have
five or more stubs.
An important aspect that this toy simulation does not
address is the rate of fake tracks. The fake rate was stud-
ied [1] and found to be small after the requirements on
the quality of the fit, even for tracks with 4 stubs. Here,
the vertex constraint is removed, presumably leading to
the increase in fake rate. However, we are not interested
in single tracks. For a track jet the probability to have a
fake track is reduced because fake tracks point in random
directions and do not cluster. In what follows, we assume
that the fake tracks can be rid of by requirements on the
fit quality.
FIG. 6. Efficiency to reconstruct a jet with pT between 20 to
40 GeV (top) and 40 to 80 GeV (bottom) as a track jet with
3 or more loose tracks, 2 of which with 5 or more stubs, and
sum pT of all tracks above 10 GeV, as a function of uniformly
generated jet origin.
Instead of simulating every track in an event, it is more
convenient to parametrize a jet response. An anti-kT al-
gorithm (R = 0.4) as implemented in FASJET [6] is run
on the final particles in PYTHIA di-jet events in order to
get a generated jet collection. For each jet, random dis-
placements x‖ and x⊥ are generated. For each displaced
jet, we loop through the charge particle constituents that
have pT above 2 GeV. A flat 10% inefficiency is applied to
4FIG. 7. Efficiency to reconstruct a jet with pT between 20 to
40 GeV (top) and 40 to 80 GeV (bottom) as a track jet with
3 or more tight tracks, 2 of which with 5 or more stubs, and
sum pT of all tracks above 10 GeV, as a function of uniformly
generated jet origin.
each particle. The surviving particles are tested against
tight and loose track definitions. Jets are required to con-
tain 3 or more tracks, at least two of which have 5 or more
stubs. Reconstructed jet pT is a sum of all track pT ’s.
Figures 6 and 7 show the probability for a generated jet
to be reconstructed as a jet of loose and tight tracks with
pT above 10 GeV. This probability is parametrized as a
function of x⊥ in bins of of generated jet pT and x‖, and
is used below for the signal yield calculations.
TRIGGERS
The simplified L1 trigger menu in [1] gives expected
trigger rates for a single jet, di-jet, and quad-jet triggers.
The jets are found in the calorimeters. Track trigger is
used to determine the jet vertices and the jets are re-
quired to originate from the same vertex, greatly reduc-
ing the pile-up effects. However, starting jet finding with
FIG. 8. Simulated trigger rates of a L1 calorimeter-seeded
single jet (blue), di-jet (red) and quad-jet triggers. Calorime-
ter jet energy resolution is applied for the thick lines and
neglected for the thin lines. Green stars correspond to results
from the trigger menu in [1]. Quad track jet trigger rate is
also shown.
the calorimeter is sub-optimal. It’s better to start with
the most pile-up resistant system - the tracker. As an
added bonus, triggering on track jets results in events
with jets with high charged multiplicity, i.e. easier to
vertex.
To come up with reasonable trigger thresholds for
track jets, PYTHIA multi-jet events were used. Fig-
ure 8 shows the obtained trigger rates for single, di- and
quad-jet triggers, as well as the quad track jet trigger.
For ”calorimeter-seeded” jets, thin lines show spectra for
ideal energy resolution. Thick lines assume jet energy
smearing
σpT =
√
N2PU + S
2 · pT (1)
with stochastic term S = 0.9 GeV 1/2 and pile-up noise
term NPU = 25 GeV . The cross-section given by
PYTHIA was adjusted by 70% so that the rate of single
jet trigger matched number from [1]. Given crudeness of
our methods, the agreement with [1] is pretty amazing.
We conclude that the lowest feasible threshold for a
quad track jet trigger is 20 GeV. However, there is one
more handle that can be employed: for displaced jets,
tracks should not point exactly at the interaction point.
The expected impact parameter resolution is about 100
microns. Requiring that at least 3 tracks in a jet have im-
pact parameters in excess of 300 microns reduces prompt
jet efficiency by more then a factor of 50 (see Figure 9).
It seems therefore that it is not out of the question to
run the quad displaced track jet trigger with a threshold
of 10 GeV.
There is one more way to tag displaced jets at L1,
similar, in spirit, to the ATLAS tags of the decays in
5FIG. 9. Same as Fig. 6b, but with an additional requirement
that at least three tracks have impact parameters in excess of
300 microns.
the HCAL [7]. The latter result in jets with anomalously
low electromagnetic fraction. Requiring a calorimeter jet
with no tracks pointing to it theoretically allows access
to shorter lifetimes then that. Unfortunately, while very
powerful in absence of pileup, such tracks without jets
are mostly random pileup fluctuations. Nevertheless, one
could try being creative with the track vetoes and come
up with a trigger requiring two such ”no-track jets”. In
this study we look at two thresholds for such trigger, 70
and 100 GeV. While 70 GeV threshold is undoubtedly
very optimistic, this trigger would be an alternative to
the track trigger expansion we argue for, so it makes for
a conservative assumption.
To summarize, we consider the following triggers:
• four jets of loose tracks with pT > 20 GeV
• four jets of tight tracks with pT > 20 GeV
• four jets of loose displaced tracks with pT > 10 GeV
• four jets of tight displaced tracks with pT > 10 GeV
• two no-track jets with pT above 70 GeV
• two no-track jets with pT above 100 GeV
• single e / µ triggers with pT > 35 / 18 GeV
HIGGS EVENT YIELDS
The h → φφ → 4q events were generated using
PYTHIA. Mass of φ is taken to be 30 GeV, and Br[h→
φφ → 4q] = 10−5. A range of φ lifetimes is considered,
from 1 mm to 5 m. Proper decay time was randomly
generated for each φ and dilated according to its speed.
We assume that offline analysis selection are similar
to the trigger. For W (→ `ν)h final state, we require
FIG. 10. Event yields for Br[h → φφ → 4q] = 10−5 as a
function of φ proper lifetime. Red curves correspond to quad
loose track jet trigger, blue - to quad tight track jet trigger.
Open circles indicate track jets with pT above 20 GeV, filled
circles - displaced track jets above 10 GeV. Teal curve cor-
responds to the no-track 70 GeV di-jet trigger. Purple line
shows the expected yield from Wh production triggered by a
lepton from W . See text for details.
three of the four jets from h → φφ decay to have total
charge particle momentum above 10 GeV. Relaxing the
latter requirement to at least two jets from the same φ
increases efficiency by less then 40% at a potential cost
of non-negligible background contamination.
Figure 10 shows the expected event yields for different
triggers described above. Jet reconstruction parameters
were slightly varied to make sure there are no large vari-
ations in efficiency. For track jets, one (solid lines) or
two (dashed lines) tracks with five or more hits were re-
quired. For trackless jets, one track (solid line) or two
tracks with total pT below 10 GeV were allowed to to
point along the jet.
While the tight tracks offer substantial increase in sen-
sitivity compared to Wh, trigger based on loose tracks
yields more then a factor of 5 more signal for cτ of a few
mm. No-track jets, even with very optimistic 70 GeV
threshold only become competitive at lifetimes of 50cm
or more.
EVENT YIELDS IN LHCB
LHCb experiment [8] will operate at HL-LHC without
a hardware trigger and collect 100/fb of integrated lu-
minosity. While the statistics takes factor of 30 hit, it
is still better then the factor of approximately 200 that
falling back on Wh production at CMS means. A naive
PYTHIA based estimate of how many Higgs events with
a single φ decaying in the LHCb detector fiducial volume,
with both daughter quarks pT above 5 GeV, yields about
6FIG. 11. Same as Fig. 10, but for a m(H) = 250 GeV
and m(φ) = 60 GeV. Number of produced events (σ · Br) is
assumed to be the same as for 125 GeV Higgs. Brown and
green curves are for no-track di-jets above 70 and 100 GeV
respectively.
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FIG. 12. An example process from [9].
15 events, almost an order of magnitude better than 1.8
events expected at CMS in W (→ `ν)h final state.
OTHER SIGNALS
The rare SM Higgs decays considered above is truly
challenging, because of the small total HT in the event.
The efficacy of proposed triggers increases very quickly
with mass of the objects produced. As an example, we
doubled the masses of the particles in the last section to
m(H) = 250 GeV and m(φ) = 60 GeV. This is still inac-
cessible with HT trigger, whose threshold is not expected
to be below 350 GeV at L1 [1]. The trigger efficiency rises
by almost an order of magnitude, with several hundred
events expected (Fig. 11).
While Higgs-like signals may be accessible in asso-
ciated production, some new physics signals may not.
A good example is a simplified long-lived Dark Mat-
ter scenario proposed in [9]. While that paper focuses
on mass hierarchy like m(χ2) ∼TeV, m(χ1) ∼GeV, and
m(Y0) ∼ 100GeV, it is just as plausible that χ2 and χ1
are both heavy with small mass splitting so that the two
Y0 are not ultra-relativistic and result in jetty events with
small HT and missing ET . Those will benefit a lot from
the displaced track trigger.
SUMMARY
CMS experiment has heavily invested in a silicon
tracker that allows reconstruction of high pT tracks at
L1. While the primary stated purpose of track finding
at L1 is to preserve the trigger performance in HL LHC
environment, an ability to find tracks at L1 can provide a
new lamppost for new physics searches. In this note, we
argue that technically feasible extensions of track trigger
could provide large increases in sensitivity to long-lived
particles, in particular in exotic Higgs decays.
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